Researchers have suggested that these patterns supported application of 110 the River Continuum Concept (RCC) 10 to river microbiota. The concept postulates 111 that as a river increases in size, the influences of riparian and other inputs will 112 decrease as the river establishes a dominant core community 36 , and richness will 113 increase from headwaters to mid-order before decreasing in higher order rivers 36 . 114
Therefore, as continuous systems with increasing volumes and residence times, 115 river microbiota should transition from experiencing strong influences of mass 116 effects from terrestrial and tributary sources to systems where species sorting 117 plays a more important role 4,37,38 . Complicating matters, particle-associated 118 communities in rivers (frequently defined as those found on filters of > ~3 µm) 119 remain distinct from their free-living counterparts [37] [38] [39] 53 , potentially due to 120 increased production rates from readily obtainable carbon 38, 53 . Typical taxa 121 associated with particles include OTUs related to the Bacteroidetes clades 122
Flavobacteria and Cytophaga, Planctomycetes, Rhizobium spp., and 123
Methylophilaceae spp 39,42-44 . However, consistent trends in particle community 124 composition are murky, with recent evidence suggesting organisms may switch 125 between free-living and particle-associated lifestyles depending on substrate 126 availability and chemical queues 42, 45 . Thus, rivers constitute complex and highly 127 dynamic ecosystems from a metacommunity perspective. River to date with a continual rowed transect over two months. Rowers from the 137 adventure education non-profit OAR Northwest collected samples from 138
Minneapolis, MN to the Gulf of Mexico (2918 km) (Fig. 1A) . They also maintained 139 active blogging and social media content and visited 21 schools along the river 140 that incorporated elements of the journey into their curriculum. Our findings 141 greatly expand the current information available on microbial assemblages in 142 major lotic ecosystems and help further delineate the relationships between 143 microbial structure and stream order, nutrients, and volume. 144 145 Results
146
Using rowboats and simple syringe-based filtration protocol, we measured 12 147 biological, chemical, and physical parameters (e.g. 16S and 18S rRNA gene 148 communities, NH 4 + , river speed, etc.) from 38 sites along a 2918 km transect of 149 the MSR (Fig. 1A) . River order increases dramatically at the Missouri confluence 150 (eighth to tenth Strahler order 48 ), which corresponded to overall discharge (Fig. 151 1A) and beta diversity changes discussed below, and thus we used this juncture 152 to separate the upper MSR (0 km -1042 km, Sites A-S) and lower MSR (1075-153 2914 km, Sites T-Al). Within the upper MSR, NO 3 -, PO 4 3-, and NO 2 -were variable 154 but generally increased downriver until peak concentrations near the confluences 155 of the Illinois and Missouri Rivers. This gave way to lower and more consistent 156 concentrations along the lower MSR (Fig. 1B) . Ammonium showed much greater 157 variability along the transect. Turbidity (inversely related to secchi disk visibility) 158 increased steadily downriver to a maximum near the Illinois and Missouri River 159 confluences (1042 km, Site S) (Fig. 1B) , then trended downwards for the rest of 160 the transect. Planktonic (< 2.7 µm) cell counts varied between 1 and 3x10 6 161 cells/mL in the upper MSR, and decreased to high 10 5 cells/mL in the lower MSR 162 (Fig. 1B) . Water temperature ranged from 19°C (133km, Site E) to 11.7°C (2552 163 km, Site Ag), and river speed, excluding three sites sampled from shore, was 164 between 5.5 mph at Site Y and 0.4 mph (597 km, Site L) (Table S1 ). Spearman 165 rank correlations of the measured environmental parameters showed strong 166 positive correlations between nitrate, phosphate, distance, and increased 167 turbidity; while nitrate and phosphate both strongly correlated negatively to water 168 temperature and river speed (Table S1 ).
170
Bacterial and archaeal communities 171
We observed a clear distinction between the 0.2-2.7 µm and > 2.7 µm 16S rRNA 172 gene communities (ANOSIM R = 0.65, P = 0.001) (Fig. S1A) Gemmatimonadaceae, Peptococcaceae, and Micromonosporaceae clades also 187 a factor (r > 0.70, P = 0.001) ( Figure 2A , Table S1 ). (Table S1 ).
199
Proteobacteria in the > 2.7 µm fraction showed wide fluctuations in abundance 200 (Fig. 3A) , whereas their 0.2-2.7 µm counterparts generally increased in relative 201 abundance downriver (Fig. 3B ). 0.2-2.7 µm Bacteroidetes and Actinobacteria 202 generally decreased in the upper river and stabilized in the lower river, but 203
showed considerable variation in abundance in the larger fraction. Cyanobacteria 204 in the > 2.7 µm fraction strongly and negatively correlated with increased turbidity 205 (Spearman rank = 0.67). Both > 2.7 µm and 0.2-2.7 µm Acidobacteria had a 206 strong positive correlation with river distance (Wilcoxon single ranked test, P = < 207 0.01) ( Fig. 3A and B Thaumarchaetoa increased in abundance along the transect (Fig. 3B ), but at less 216 so than those in the > 2.7 µm fraction (Fig. 3A) . In both fractions, we only 217 detected Euryarcheota at very low abundances.
218
We defined the core microbiome as those OTUs detectable after 219 normalization in greater than 90% of the samples. The > 2.7 µm and 0.2-2.7 µm 220 core microbiomes consisted of 95 and 106 OTUs, respectively, classified into 221 eight different phyla-Proteobacteria, Actinobacteria, Bacteroidetes, 222
Cyanobacteria, Verrucomicrobia, Chloroflexi, Chlorobi, Gemmatimonadetes-and 223 some remained unclassified (Table S1 ). Core microbome relative abundance in 224 both fractions decreased along the upper river but stabilized in the lower river 225 (Fig. 4A) We successfully classified 313 of the 945 OTUs with EnvO terminology (Table  233  S1 ). Of those, freshwater organisms dominated, although their relative 234 abundance in both the > 2.7 µm and 0.2-2.7 µm fractions decreased with river 235 distance before stabilizing in the lower MSR ( Fig. S5A-B ). However LD12, the 236 most abundant OTU in our dataset and a well-established freshwater organism, 237 did not receive an EnvO classification at all, indicating the limitations of this 238 technique with current database annotations. Terrestrial organisms from the > 239 2.7 µm fraction decreased along the transect (Fig. S5A) , while the 0.2-2.7 µm 240 fraction remained stable (Fig. S5B ). Although representing a minor fraction of 241 total OTUs, sediment-associated microorganisms remained steady along the 242 river in both fractions.. Taxa associated with anthropogenic sources in both 243 fractions increased along the river (Fig. S5A-B ).
245
Microbial eukaryotic communities 246
Eukaryotic communities, observed via the 18S rRNA gene, also showed a 247 significant separation between > 2.7 µm and 0.2-2.7 µm fractions (R = 0.689, P = 248 0.001) (Fig. S1B ). As expected due to generally larger cell sizes in microbial 249 eukaryotes compared to prokaryotes, species richness remained higher in the > 250 2.7 µm vs. 0.2-2.7 µm fractions ( Fig. S3C-D (Table S1 ).
277
Eighty OTUs comprised the > 2.7 µm core microbiome, averaging 28% of 278 aggregate community relative abundance (Fig. 4B ). We classified these as 279 Alveolata, Cryptophceae, Nucletmycea, Stramenopiles, or unclassified 280 Eurkaryota (Table S1 ). Again, consistent with larger organism sizes, and thus 281 fewer OTUs overall, the 0.2-2.7 µm Eukaryotic core microbiome comprised only 282 21 OTUs that, in aggregate, averaged 20% of the community relative abundance 283 across all samples (Fig. 4B ). These OTUs consisted of Alveolata, Nucletmycea, 284
Stramenopiles, or unclassified Eurkaryota (Table S1 ). While the 0.2-2.7 µm core 285 microbiome remained relatively stable along the river, the > 2.7 µm core 286 decreased along the upper MSR before stabilizing in the lower river, similarly to 287 that of the prokaryotes (Fig. 4B ).
289
Network analyses identify indicator taxa associated with eutrophication 290
Since increased nitrogen and phosphorous is of interest for stakeholders both 291 along the river and in the GOM, we evaluated relationships between individual 292
OTUs and these nutrients to identify taxa indicative of eutrophication. Among 0.2-293 2.7 µm prokaryotes, a co-correlation network (submodule) strongly associated 294 with nitrate (r = 0.6, P = 7e-08) ( Fig. S6A ) comprised 77 OTUs, mostly from the 295 Proteobacteria. OTU relative abundances explained 42% of the variance in 296 nitrate (LOOCV, R 2 =0.65; corr = 0.65, P =1.e-09), and the top four OTUs by VIP 297 score belonged to the Proteobacteria and Bacteroidetes ( Fig. 6B; FigS6A ; Table  298 S1). Of these, three were highly correlated to nitrate (r > 0.50) (Table S1 ): 299 unclassified Comamonadaceae, Mucilaginibacter, and Pseudospirillum spp.. 300
OTUs that had more than 8 node connections, indicating taxa co-correlating with 301 numerous others, included a Mucilaginibacter sp., a Novosphingobium sp., and a 302
Caulobacter sp. (Fig. 6B , Table S1 ).
303
The submodule best correlated with phosphate (r = 0.53, P = 2e-06) ( seven different phyla (Table S1) , with the top four identified as an unclassified 307
Holophagaceae, an unclassified Gemmatimonadaceae, an unclassified 308
Burkholderiaceae, and a Pseudosprillum sp. (Table S1 ). Three of these four 309
OTUs had Pearson correlations with phosphate greater than 0.62 (Fig. 6B ). The 310 most highly interconnected OTU within the submodule was an unclassified 311 Acidobacteria (Table S1 ).
312
In the > 2.7 µm fraction, the prokaryotic submodule with the highest 313 correlation to nitrate (r = 0.56, P = 3e-07) ( Flavobacterium sp., an unclassified bacterium, and a member of the 317 Sphingobacteriales NS11-12 marine group, anticorrelated with nitrate ( Fig. 7A , 318 Table S1 ). A NCBI BLAST of the unclassified bacterium returned no significant 319 hits > 90% identity to named organisms. OTUs with the highest node centrality 320 (> 20) belonged to two clades of bacteria, Sphingomonadales 321 (Alphaproteobacteria) and Sphingobacteriales (Bacteroidetes), and all correlated 322 positively to nitrate (r > 0.48, Table S1 ).
323
When considering phosphate, the most significant submodule showed a 324 modest correlation (r = 0.53, P = 1e-06, Fig. S7A ), but OTU abundances could 325 only explain 48% of the variation of measured phosphate (LOOVC, R 2 = 0.48; 326 corr= 0.77, P = 4.88e-15). Proteobacteria constituted the majority of the 80 OTUs 327 from the submodule, and the top four scoring VIP OTUs were an unclassified 328
Gammaproteobacteria, an Arcicella sp., an unclassified Cytophagaceae, and a 329 Nitrospira sp. (Fig. 7B , Table S1 ); the latter two had moderate correlations to 330 phosphate (r = > 0.55). The OTUs with the highest number of node connections 331 were a Woodsholea sp. from the Caulobacterales family and the same Nitrospira 332 OTU (Table S1 ). Table S1 ). Of these, two highly correlated to nitrate (r > 0.49) (Table S1 ): the 340 Chrysophyceae, and Chromulinales OTUs.
341
The submodule best correlated with phosphate (r = 0.56, P = 2e-07) ( Fig.  342 S8A) comprised 56 OTUs that explained 80% of the variance (LOOCV, R 2 =0.80; 343 corr = 0.89, P = < 2e-16). OTUs with VIP scores > 1 belonged to four different 344 phyla (Table S1) , with the top four identified as an unclassified 345
Peronosporomycetes, an unclassified Ochrophyta, an unclassified Eukaryote, 346
and an unclassified Stramenopiles. (Table S1 ). All four OTUs had Pearson 347 correlations with phosphate greater than 0.60, two were negative (Fig. 8B) . The 348 most highly interconnected OTU within the submodule was an unclassified 349 Eukaryote (Table S1 ). and sediment in its upper portion that gave way to more consistent levels in the 368 lower river (Fig. 1B) . These distinct scenarios mirrored the different microbial 369 regimes separated by the Missouri river confluence (Fig. 2) and below large tributaries. After some samples were removed due to insufficient 523 sequence data, contamination, or incomplete metadata (see below), the final 524 usable set of samples included 38 sites starting at Minneapolis (Fig. 1A , Table  525 S1). Most sampling occurred within the body of the river, although due to safety 526 issues, three samples were collected from shore (Table S1 ). We collected 527 duplicate samples at each site, but because separate rowboat teams frequently 528 collected these sometimes several dozen meters apart, they cannot be 529 considered true biological replicates and we have treated them as independent 530 samples. At each site, we filtered 120 mL of water sequentially through a 2.7 µm 531 GF/D filter (Whatman GE, New Jersey, USA) housed in a 25mm polycarbonate 532 holder (TISCH, Ohio, USA) followed by a 0.2 µm Sterivex filter (EMD Millipore, 533
Darmstadt, Germany) with a sterile 60 mL syringe (BD, New Jersey, USA). We 534 refer to fractions collected on the 2.7 µm and 0.22 µm filters as > 2.7 µm and 0.2-535 2.7 µm, respectively. Flow-through water from the first 60 mL was collected in 536 autoclaved acid-washed 60 mL polycarbonate bottles. Both filters were wrapped 537 in parafilm, and together with the filtrate, placed on ice in Yeti Roadie 20 coolers 538 (Yeti, Austin, TX) until shipment to LSU. Further, 9 mL of whole water for cell 539 counts was added to sterile 15 mL Falcon tubes containing 1 mL of formaldehyde 540 and placed into the cooler. We monitored cooler temperature with HOBO loggers 541 (Onset, Bourne, MA) to ensure samples stayed at ≤ 4ºC. The final cooler 542 containing samples from sites P-Al had substantial ice-melt. Though our filters 543
were wrapped in parafilm, we processed melted cooler water alongside our other 544 samples to control for potential contamination in these filters. Given that some of 545 our samples were expected to contain low biomass, we also included duplicate 546 process controls for kit contamination 75,76 with unused sterile filters. respectively. Contigs were aligned using the Silva rRNA v.119 database, 584 checked for chimeras using UCHIME 83 , and classified also using the Silva rRNA 585 v.119 database. Contigs classified as chloroplast, eukaryotes, mitochondria, or 586 "unknown;" or as chloroplast, bacteria, archaea, mitochondria, or "unknown;" 587 were removed from 16S or 18S rRNA gene data, respectively. The remaining 588 contigs were clustered into operational taxonomic units (OTUs) using a 0.03 589 dissimilarity threshold (OTU 0.03 ). After these steps, 146725 and 131352 OTUs 590 remained for the 16S and 18S rRNA gene communities, respectively. 591 592
Sample quality control 593
To evaluate the potential for contamination from extraction kits, cooler water in 594 the last set of samples, or leaking/bursting of pre-filters, all samples were 595 evaluated with hierarchical clustering and NMDS analysis. Hierarchical clustering 596 was preformed in R using the hclust function with methods set to "average", from 597 the vegan package 84 . Samples were removed from our analysis if they were 598 observed to be outliers in both the NMDS and hierarchical clustering such that 599 they grouped with our process controls. The process and cooler water controls 600 were extreme outliers in both, as was sample L2 (Fig. S1, S2 ). Sterivex and 601 prefilter samples generally showed strong separation with the exception of three 602 16S rRNA gene samples-STER X2, W2, S2 (Fig. S1, S2 ). The only other 603 samples that were removed were due to missing chemical data (Lake Itasca1-2, 604 A1-2) or failed sequencing (16S STER Af1; 16S PRE S2, X2; 18S PRE O1 Using the package PhyloSeq 86 , alpha-diversity was first calculated on the 616 unfiltered OTUs using the "estimate richness" command within PhyloSeq, which 617 calculates Chao1 86 . After estimating chao1, potentially erroneous rare OTUs, 618 defined here as those without at least two sequences in 20% of the data, were 619 discarded. After this filter, the dataset contained 950 and 724 16S and 18S rRNA 620 gene OTUs, respectively. For site-specific community comparisons, OTU counts 621 were normalized using the package DESeq2 87 with a variance stabilizing 622 transformation 88 . Beta-diversity between samples was examined using Bray-623
Curtis distances via ordination with non-metric multidimensional scaling (NMDS).
624
Analysis of similarity (ANOSIM) was used to test for significant differences 625 between groups of samples of the NMDS analyses using the anosim function in 626 the vegan package 84 . The influence of environmental parameters on beta-627 diversity was calculated in R with the envfit function. 628 629
Network analyses and modeling 630
To identify specific OTUs with strong relationships to environmental parameters 631 (e.g. turbidity, NO 3 -), we employed weighted gene co-expression network 632 analysis (WGCNA) 89 as previously described 90 for OTU relative abundances. 633
First, a similarity matrix of nodes (OTUs) was created based on pairwise Pearson 634 correlations across samples. This was transformed into an adjacency matrix by 635 raising the similarity matrix to a soft threshold power (p; p = 6 for 16S and 18S > 636 2.7 µm, p = 4 for 16S 0.2-2.7 µm) that ensured scale-free topology. Submodules 637 of highly co-correlating OTUs were defined with a topological overlap matrix and 638 hierarchical clustering. Each submodule, represented by an eigenvalue, was 639 pairwise Pearson correlated to individual environmental parameters (Figs. S6-8 640 A). To explore the relationship of submodule structure to these parameters, 641 submodule OTUs were plotted using their individual correlation to said parameter 642 (here nitrate or phosphate) and their submodule membership, defined as the 643 number of connections within the module (Figs. S6-8 
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